Abstract. Real space methods like the Debye equation are increasingly being employed as an alternative to traditional Line Profile Analysis (LPA) techniques for the study of size and strain effects in nanomaterials. Until recently, the use of this technique in modelling was hindered by the time necessary to complete a calculation. This limitation encouraged development of the alternative, reciprocal-space Whole Powder Pattern Modelling, which on the other hand lacks physical validation when applied to the study of very small atomic clusters (<5nm). A necessary proper comparison between these two approaches is proposed here to highlight the limits and potentials of each method.
Introduction
Line Profile Analysis (LPA) is traditionally based on a modelling of diffraction peak profiles, which analyzes how diffracted intensity is distributed about reciprocal space points. As a rule, crystalline domains are considered as continuous and ideal solids, a model that may not be entirely accurate at the nanoscale where the discrete nature of matter is more evident. As a consequence, the growing interest in nanomaterials has driven research towards a rediscovery of the Debye equation. This method obtains the diffraction pattern from systems of randomly oriented small crystals by considering the interference of waves scattered by atom pairs: distributions of crystals with a variety of shapes and novel morphologies, have been extensively discussed in the recent literature [1] [2] [3] . The Debye equation, although rather effective in describing diffraction from small crystals, has some disadvantages with respect to traditional LPA methods. Methods for dealing with statistically described crystal defects, small deformations, and ways to include an averaging of the lattice orientation with respect to the particle shape are all in their infancy. It follows that line broadening effects, and the simultaneous inclusion of different kinds of defects is not yet feasible using the Debye equation. The possibility of simultaneously modelling several broadening contributions is instead a prominent feature of advanced LPA methods. It is therefore important to explore differences between the Debye -real space -approach and the traditional -reciprocal space -approach to LPA. This is particularly interesting to assess the compatibility of the results obtained for nanocrystalline systems with domains in the order of 3 to 10 nm, where both approaches are frequently used. To this purpose, diffraction patterns simulated using a recently devised Debye algorithm have been here modelled using the WPPM (Whole Powder Pattern Modelling) approach [4, 5] . Results show a good compatibility between the methods and point out the key role of noise (i.e., data quality) in limiting our possibility to unveil the finest details of the nanostructure.
Simulations and modelling
In this study, simulations are focussed on spherical gold crystals with a lattice parameter of 4.081 Å. Spheres were chosen because the shape function has an analytical expression that can be treated more strictly by WPPM. The Debye approach utilized four unique lognormal size distributions in simulating the patterns. These distributions were chosen to create sets of patterns defined by a common Scherrer size. This allowed for the study of any differences in the peak profiles calculated by the two approaches due to the effect of the distribution shape while preserving the integral peak breadth. Two sets of diffraction patterns were simulated to have Scherrer sizes (<D> V ) of 2.7 nm and 4.0 nm, respectively; while the standard deviations of the natural logarithm (σ) used were 0.15 and 0.40, resulting in a narrow and wide distribution for each set. (See ref. 6 , and references therein, for a precise definition of <D> V and σ.) In order to perform the Debye function simulation [3, 7] , a series of increasingly large spherical Au clusters with fcc structure were created. The diameter that related to less than .1 percent of the assumed volume weighted size distribution defined the maximum sphere size used in the simulations. Since in these constructions the diameter was not a continuous variable, two rules to govern the step size have been assumed: i) that the radius difference Δr between consecutive clusters is constant, ii) that the volume increment between consecutive clusters is an integer multiple of the Wigner-Seitz unit cell volume. Using these two assumptions it is simple to see that Δr = a(3/2π) 1/3 /2=0.39a. This discrete spacing is arbitrary but also sensible, as confirmed by our results. Clusters have been processed in order to obtain sets of interatomic pair distances and multiplicities. If we imagine that each unique distance is a Dirac delta weighted by its multiplicity, we can see that the pair distance density distribution is a Dirac comb. Immediately, though, the generated set of unique distances is fed into the sampling routine, which convolutes the distance Dirac comb with a suitable Gaussian profile [7] , sampling the resulting continuous distance density. As the sampling step is inversely related to the maximum diffraction vector length Qmax, the sampling is performed simultaneously with different steps ranging from 0.03 to 0.96 Å, covering quite all possible experimental conditions. The sampled pseudodistance sets were then used to calculate diffraction patterns via a suitably adapted Debye formula, which is amenable to a fast trans-form. More details on the fast Debye simulation algorithms can be found elsewhere [3, 7] . Three levels of Poisson noise were then added to the simulated intensity to obtain patterns with signal-to-noise ratios (SNR=√I max ) of 316.2, 100, and 31.6 (max noise added). Then simulated patterns were modelled with the WPPM approach [4, 5, 8] , refining the parameters of the fcc lattice, size distribution, small angle scattering contribution and a Chebyshev polynomial background. A range of trial size distribution forms was assumed including: continuous and discrete lognormal distributions, and a continuous gamma distribution. The results of these analyses for each distribution are given in the following sections.
Continuous lognormal distribution
The patterns calculated by the Debye approach were first modelled assuming a continuous lognormal distribution of spheres in the WPPM framework. The obtained size distributions matched exactly the expected Debye distribution for all studied patterns. Even at the small particle size range of 1-10 nm, the WPPM method was able to accurately distinguish the different lognormal parameters of two size distributions with the same Scherrer size (integral breadth). The exact match between the discrete distribution used in the Debye simulations and the continuous curve employed in WPPM was beyond expectations (cf. figure 2). The lower residual and weighted sum of squares (wss ≡∑[(I Debye -I WPPM )/I Debye ]
2 ) for the distributions with a larger Scherrer size of 4.0nm was an expected result (cf. figure 1) . As the size increases the differences between the discrete Debye crystal, and the spatially averaged reciprocal space method, become less influential. Furthermore, at larger sizes the shape of the particle created in the Debye approach is increasingly well represented by a sphere. The agreement of the obtained WPPM distribution with that used in the Debye simulations remained excellent as the SNR was decreased in the patterns. There was only a very slight deviation from the expected distribution at the highest investigated noise level: in particular the obtained distribution tended to broaden and shift to sizes smaller than expected.
Discrete lognormal distribution
A discretely sampled lognormal size distribution was also employed in WPPM to model the simulated patterns (i.e. a set of weighted delta functions placed at regular steps Δr = a(3/2π)
/2, where a = lattice parameter and Δr = spherical radius step, same as in the Debye simulation). This form of the distribution was chosen in order to make the WPPM hypotheses more consistent with the discreteness of the Debye approach, and give a reference point to the continuous distribution assumption. The weight of each delta function was governed by the value of a lognormal distribution, and the parameters of this governing function were then refined in the WPPM framework, keeping the number of free parameters the same as in the continuous case. The discrete lognormal size distribution parameters found had the same agreement with the expected values as those found for the continuous case (see figure 2) . The weighted sum of squares, and residual intensity, did not show any significant improvement from the continuous case. Furthermore, the background obtained when utilizing this distribution was found to be very similar to that obtained when assuming the continuous lognormal distribution. Therefore, it is not accounting for unseen effects on the pattern due to the discreteness of the size distribution. It is then our conclusion that the discrete size distribution utilized in the described Debye approach does not result in noticeable effects in the simulated pattern. As noise was added to the data the agreement of the discrete distribution followed the same general trend as the continuous lognormal distribution.
Continuous gamma distribution
To investigate the sensitivity of these methods to the functional form of the size distribution, the patterns were also modelled assuming a gamma distribution (a correct choice in the case of self-constrained polycrystal grain growth) [6] . The inaccurate assumption of a gamma distribution was only noticeable in the modelling of the patterns from the broader and skewed size distributions (cf. figure 2) . In these cases the character of the distribution used in modelling becomes evident, and the gamma distribution was in better agreement at larger volumes due to the larger influence of this size range on the diffraction pattern. The ability of WPPM to recover a good representation of the expected distribution in the small size range became worse as the SNR was decreased. However, modelling of the patterns with increased noise obtained Scherrer sizes that were still in good agreement with the expected values. Therefore, even when the assumed distribution is not representative of the actual particle sizes, such as in the case of the broader size distributions, the correct Scherrer size was preserved by WPPM. Large differences between the two distribution assumptions were observed only in the noisefree patterns, where the weighted sum of squares was 5-10 times lower when assuming a lognormal versus a gamma function. The addition of noise as the residual and weighted sum of squares became nearly equivalent masking the ability to discern which size distribution form was a better model (see figure 3) . Therefore, while the mean (Scherrer) size was always matched, reliable details of the size distribution form could not be obtained from the noisy data. In this case it seems hopeless to distinguish the two distributions from diffraction alone; the growth conditions and other observations must be taken into consideration.
Histogram distribution
An alternative to assuming a size distribution shape is implementing a free histogram model, as proposed previously in the literature [9] . Histograms with a range of step sizes and initial starting conditions were studied: good agreement was found when the bin size was set to Δr and when the expected distribution was narrow. Correlation between the weights of bins at small sizes and the background was especially observed as the bin size was decreased. As noise was added to the pattern, the obtained histogram, tended to overweight the small size bins, as the agreement with the size distribution diminished. These trends are in agreement with what was observed on experimentally measured ceria diffraction patterns in a previous publication [9] .
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The Whole Powder Pattern M simulated by the Debye equa rameters even from noisy data. By WPPM, an accurate description of spherical crystallite size distributions in the 3-10nm range has been obtained. This degree of agreement is not obvious considering the different assumptions of the two techniques. However, the discrete description of the size distribution in the Debye approach has been shown to be consistent with the continuous function used in reciprocal space methods. An important conclusion of this study is that the correct description of the particle, or shape function, is increasingly significant as the size reduces. In re shape function describes a continuous body; while this attribute is strictly dependant on all assumptions made when constructing the particle in the Debye method. The higher residual intensities presented in figure 1 for the modelled patterns of smaller Scherrer sizes show that this difference in the techniques is more evident as the size of the crystal decreases. Thus, it is most important to decide if the underlying averaging of reciprocal space methods, or the specificity of the Debye method, is more appropriate before applying them to a nanocrystalline system. In all cases the size distributions which best modelled the simulated patterns where in good agreement w the simulated patterns assuming a gamma distribution. The existence of noise in the diffraction pattern has been shown to accentuate this effect as the weight of the small sizes becomes increasingly overestimated with the decrease of the pattern quality (SNR). It has also been shown that the existence of noise in the pattern hides any measure of whether an assumed distribution function is appropriate. This difficulty illustrates a general limitation of diffraction that the fine details of a microstructure obtained by the line profile analysis of noisy powder diffraction data are not reliable.
